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Possible superconductivity above 25 K in single crystalline Co-doped BaFe2As2 
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We present superconducting properties of single crystalline Ba(Feo.9Coo.i)2As2 by measuring 
magnetization, resistivity, upper critical field. Hall coefficient, and magneto-optical images. The 
magnetization measurements reveal fish-tail hysteresis loop at high temperatures and relatively 
high critical current density above Jc — h/cvc? at low temperatures. Upper critical field 
determined by resistive transition is anisotropic with anisotropic parameter ~ 3.5. Hall effect 
measurements indicate that Ba(Feo.9Coo.i)2 As2 is a multiband system and the mobility of 
electron is dominant. The magneto-optical imaging reveals prominent Bean-like penetration 
of vortices although there is a slight inhomogeneity in a sample. Moreover, we find a distinct 
superconductivity above 25 K, which leads us to speculate that higher transition temperature 
can be realized by fine tuning Co-doping level. 
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Since the discovery of high- Tc iron-based oxypnic- 
tide superconductor LaFeAsOi_a;Fi; with Tc ^ 26 K,^ 
other iron-based superconductors are sought for to ob- 
tain higher transition temperature. In rare-earth substi- 
tuted iron-oxypnictides /^FcAsOi-ajFj; {R — rare earth), 
the transition temperature has been increased up to 55 
K.^ In these iron oxypnictides, superconductivity occurs 
by introducing electrons in the (FeAs)~ layers by substi- 
tuting F for O. Following these discoveries, oxygen-free 
iron- arsenide ^Fe2As2 {A = Ba, Sr, Ca) is discovered. 
These materials show superconductivity by substituting 
alkali metal, such as Na, K and Cs, for A resulting in the 
introduction of holes in the (FeAs)~ layers. '^"^ In hole- 
doped oxygen-free iron-arsenides, transition temperature 
is raised up to ~ 38 K.'^''* On the other hand, very recent 
studies reveal that the electron-doping by substitution of 
Co or Ni, which have one or two excess d electrons com- 
pare to Fe in conducting layers, induces superconductiv- 
ity in oxygen- free iron-arsenide.'''* In fact, NMR mea- 
surements reveal that Co atoms donate electrons with- 
out creating localized moments.^ Although the highest 
transition temperature in electron-doped BaFc2As2 is 
reported to be ~ 23 K,^" which is lower than that in 
hole-doped BaFe2As2, the fact that the substitution of 
transition metals leads to occurrence of superconductiv- 
ity contrasts strongly with a drastic suppression of Tc in 
cuprates."'^^ However, the detailed study of the transition 
temperature as a function of Co-doping is limited.^" It 
is an open question whether the highest in electron- 
doped BaFe2As2 is increased further or not. 

In this paper, we have prepared the single crystalline 
sample of Ba(Feo.9Coo.i)2As2 and present its supercon- 
ducting properties by studying the magnetization, resis- 
tivity, upper critical field. Hall coefficient, and magneto- 
optical images. We address the possibility of further en- 
hancement of transition temperature by fine-tuning Co- 
doping level. 

Single crystalline samples with nominal composition 
Ba(Feo.9Coo.i)2As2 were grown by FeAs/CoAs self-flux 



method. FeAs and CoAs were prepared by placing mix- 
tures of As pieces and Fe/Co powder in a sihca tube 
and reacted at 1065 °C for 10 hours after heating at 
700 °C for 6 hours. A mixture with the ratio Ba : FeAs 
: CoAs = 1 : 4.5 : 0.5 was placed in alumina crucible 
with quartz fiber as a cup. The whole assembly sealed 
in a large sihca tube, and heated up to 1150°C for 10 
hours followed by slow-cooling down to 1090°C at the 
rate of ~ 1.3 °C/h, after which the silica tube was put 
into a centrifuge to separate crystals from flux. The typi- 
cal size of resulting crystals is ~2x2x0.05 mm'^. Magne- 
tization was measured by a commercial SQUID magne- 
tometer (MPMS-XL5, Quantum Design). The resistivity 
measurements were performed by four-contact method 
and Hall coefficient were measured by the standard six- 
wire configuration. The Hall voltage was obtained from 
the antisymmetric part of the transverse voltage by sub- 
tracting the positive and negative magnetic field data. 
Magneto-optical images were obtained by using the local- 
field-dependent Faraday effect in the in-plane magne- 
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Fig. 1. Temperature dependence of the zero-field-coolcd (ZFC) 
and field-cooled (FC) magnetization at = 5 Oe in 

Ba(Feo.9Coo.i)2As2. 
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Fig. 2. (a) Field dependence of magnetization in 
Ba{Feo.9Coo.i)2As2 at 5, 7.5, 10, 12.5, 15, 17.5, and 20 
K. (b) Field dependence of critical current density obtained by 
the data shown in Fig. 2. (a) in Ba(Feo.gCoo.i)2As2 at 5, 7.5, 
10, 12.5, 15, 17.5, and 20 K. 
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Fig. 3. (a) Temperature dependence of the zero-field resistivity in 
Ba(FeQ.9Coo.i)2As2. Inset: low-temperature in-plane resistivity 
data at = 0, 10, 20, 30, 40, and 50 kOe along c-axis. (b) 
Temperature dependence of upper critical field along afe-plane 
(•) and c-axis (o) obtained by the midpoint of resistive transition 
in Ba(Feo.9Coo.i)2As2. Dashed lines are linear fits to the data. 
Inset: the temperature dependence of anisotropy of the upper 
critical field along ah— and c— directions 7 = H'^^l^cl- 



tized garnet indicator film and employing a differential 
method. 13 

Figure 1 shows the temperature dependence of zero- 
field-cooled (ZFC) and field-cooled (FC) magnetization 
at 5 Oe. Very sharp transition starting at Tc ~ 24 K is 
observed. It should be noted that this value of is the 
highest among those reported to date.^'^'i^'i^^i^ 

Figure 2(a) depicts the magnetization at several tem- 
peratures as a function of field. At high temperatures 
above 15 K, fish-tail magnetization is observed, which is 
very similar to YBa2Cu307_5 single crystals. From the 
magnetization hysteresis loop, we can obtain the critical 
current density Jc using the Bean model with the as- 
sumption of field-independent Jc. According to the Bean 
model, Jc is given by 

= 20—^^^, (1) 
a(l — a/3o) 

where AM is Mdown ~ Mup, Mup and Mdown are the 
magnetization when sweeping fields up and down, re- 
spectively, a and b are sample widths with a < b. Fig- 
ure 2(b) shows the field dependence of Jc obtained by 
the data shown in Fig. 2(a) using Eq. (1) and effective 
sample dimension with a ~ 0.55 mm and b ^ 0.63 mm. 
At low temperatures, Jc is larger than 10^ A/cm^. This 



value is much larger than that reported in Ref. 7 and 
about twice as large as those reported in Refs. 14 and 15. 
While the present value of Jc is about one order of mag- 
nitude smaller than the typical value for YBa2Cu307_5 
single crystals, 1^ it is well within the range for practical 
applications. 

Figure 3 (a) shows temperature dependence of in- 
plane zero-field resistivity in Ba(Feo.9Coo.i)2As2. With 
decreasing temperature from 300 K, the resistivity de- 
creases monotonically and then drops suddenly at T^. 
There is no anomaly accompanied by a spin-density- wave 
transition reported in the parent material BaFe2As2,2'^ 
which indicates that the transition is suppressed by Co- 
doping. The residual resistivity ratio p(300 K)/p{Tc) 
is ~ 2.6, which is comparative to that reported be- 
fore.^' 1"' Inset of Fig. 3(a) depicts low-temperature 
in-plane resistivity data at iJ = 0, 10, 20, 30, 40, 
and 50 kOe along c— axis. With increasing fields, Tc 
decrease and the transition width is broadened only 
slightly. We plot the upper critical field Hc2 along ab— 
and c— directions determined by the midpoint of resis- 
tive transition as a function of temperature in Fig. 3(b). 
The values of slope of iJc2 along ab— and c— direction 
at Tc are -52.1 and -16.8 kOe/K, respectively. From 
the Werthamer-Helfand-Hohenberg theory,^! which de- 
scribes orbital depairing field of conventional dirty type- 
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Fig. 4. (a) The Hall resistivity pxy as a function of field at sev- 
eral temperatures, (b) Temperature dependence of the Hall co- 
efficient in Ba(Feo.9Coo.i)2As2. 



II superconductors, we can obtain the values of i?c2(0) = 
QmTc\dHc2/dT\T=T^ ~ 850 and - 280 kOe along ab- 
and c— direction, respectively. These values are very high 
and comparative to hole-doped iron-arsenide supercon- 
ductors Bai_a;Ka;Fe2As2.^^ The inset of Fig. 3(b) shows 
the anisotropy of the upper critical field 7 = -ffc2'/^c2- 
The value of 7 is 3-4 and, slightly increases with de- 
creasing temperature. This value is similar to hole-doped 
iron arsenide. 

Hall effect measurements strongly support that elec- 
tron is introduced by Co-doping and Ba(Feo.9Coo.i)2As2 
is multiband system. Figure 4(a) shows the Hall resis- 
tivity Pxy at several temperatures as a function of field. 
In the present temperature region, p^y is negative and 
shows H— linear dependence. We plot the Hall coeffi- 
cient Rh in Ba(Feo.9Coo.i)2As2 obtained from pxy as a 
function of temperature in Fig. 4(b). The sign of Rh is 
negative in the whole temperature range while that in the 
hole-doped BaFe2As2 is positive,^'* which is consistent 
with introduction of electrons by Co-substitution for Fe. 
The values of Rr decrease with decreasing temperature 
from 300 K to 60 K and slightly increase after showing 
a broad minimum at 50 K. The absolute value of Rh 
just above Tc is three times larger than that at 300 K. In 
a simple single band system, the Hall coefficient is writ- 
ten as, Rh = ^/nq, where g is a charge of a carrier and 



n is a carrier density. Rh is almost T- independent. By 
contrast, the Hall coefficient in multiband system, for in- 
stance, consisting of electron and hole bands, is given by, 
Rh = {nhP-l-nenl)/{e{nhPh + nep.e)'^), where Uh [ue) is 
a density of holes (electrons) and /i/j {pe) is a mobility of 
holes (electrons). The Hall coefficient in multiband sys- 
tem can be temperature dependent. The obtained results 
indicate that Ba(Feo.9Coo.i)2As2 is multi-band system 
similar to the parent material BaFe2As2^^ and mobility 
of the electron produced by Co-doping becomes domi- 
nant with decreasing temperature. 

Figure 5 shows magneto-optical images of 
Ba(Feo.9Coo.i)2As2 in the remanent state at sev- 
eral temperatures after cycling the field up to 690 Oe for 
five seconds. While the sample for the magneto-optical 
experiments is different (0.58x0.45x0.03 mm^) from 
that for the magnetization measurements, both crystals 
show similar properties. The bright region in figures 
corresponds to the area trapping the vortices. Dark 
faint zig-zag features originate from in-plane domains 
of the garnet film and have nothing to do with the flux 
distribution. At lower temperatures, vortices penetrated 
from edges of the crystal cannot reach the center due 
to large shielding current. However, prominent pene- 
trations of vortices are observed near the defects close 
to the right edge of the sample. The penetrations of 
vortices depelop with increasing temperature. It should 
be noted that the image at 25 K apparently shows 
existence of superconductivity in the lower part of the 
sample. In fact, the zero-field resistivity starts to drop 
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at ~ 25 K as shown in the inset of Fig. 3(a). The highest 
transition temperature in Ba(Fei_a;Coa;)2As2 reported 
so far is ^ 23 K.^° The difference can originate from the 
difference in Co concentration and/or its distribution. 
It may be possible to obtain even higher transition 
temperature in this system by fine-tuning the Co-doping 
level. 

In summary, we have presented a systematic study of 
magnetization, resistivity, upper critical field, Hall coef- 
ficient, and magneto-optical imaging in single crystalline 
Ba(Feo.9Coo.i)2As2. The magnetization measurements 
reveal fish-tail hysteresis loop at high temperatures and 
the relatively high critical current density larger than 10^ 
A/cm^. Upper critical field obtained by resistive transi- 
tion is anisotropic. Its anisotropy is about 3.5. Hall ef- 
fect measurements indicate that Ba(Feo.9Coo.i)2As2 is 
multiband system and the mobility of electron is dom- 
inant. The magneto-optical imaging reveals prominent 
Bean-like penetrations of vortices although there is slight 
inhomogeneity in a sample. We also find a distinct super- 
conductivity above 25 K, which leads us to expect that 
higher transition temperature can be realized by fine- 
tuning Co-doping. 
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